Introduction
The reduction of iron oxides has been one of the most frequently studied topics in iron smelting. The study on the reduction of iron oxides were generally carried out by examining specimens after the reduction treatments. Such a method has a disadvantage that the state of sample changes during cooling or exposing in air. For in-situ observation of reduction of iron oxides in transmission electron microscope (TEM), environmental cells that is the capsule enclose specimens and gases to promote the gas-solid reaction in TEM have been developed. [1] [2] [3] On the other hand, the ion implantation is a unique method for creating metastable phases without any thermodynamical restrictions. In recent studies, Watanabe et al. observed the reduction of a-Fe 2 O 3 (haematite) to Fe 3 O 4 (magnetite) during hydrogen ion implantation experiment at room temperature 4) and Katsumi et al. found that the magnetite to wustite reduction is induced by the hydrogen ion implantation. 5) These experiments were performed using TEM, but the ion implantation was carried out outside the TEM, i.e., ex-situ experiments. In-situ observation during the ion implantation in TEM is one of the fascinating methods to investigate the structural evolutions of materials induced by the implantation. [6] [7] [8] [9] Watanabe et al. also investigated the in-situ observation of the reduction process of haematite to magnetite by hydrogen ion implantation in TEM. 10) The aim of this study is to investigate the reduction process during hydrogen ion implantation into FeO (wustite) in TEM.
Experimental Procedures

TEM Specimen Preparation
The bulk specimens of wustite was produced from standard haematite and pure iron. The detailed procedure was described elsewhere.
11) Thin foils of 1ϫ1 mm with a thickness of 0.5 mm were cut by means of the diamond sawing. The thin foils were polished to thickness of 30-60 mm using emery papers. The final thinning was carried out using a focused ion beam (FIB). The advantages of using FIB are as follows. (1) The necessary volume of the specimen is much smaller than that of usual methods, i.e., compared to a disk-shape specimen of 3 mmf. The wustite is sometimes decomposed to magnetite and iron during experiments, 12) the affection of magnetic field should be minimum. ( 2) The secondary electron image of the specimen can be observed during polishing.
In-situ Hydrogen Ion Implantation in TEM
Hydrogen ion implantation was carried out using JEM-ARM1000 high voltage electron microscope (HVEM) with dual ion beam interface at the National Institute for Materials Science.
13) The energy of the hydrogen ion was 20 keV. The hydrogen ion implantation was carried out at room temperature. The structural changes during the implantation were observed within HVEM. The total dose of hydrogen ion was 2.2ϫ10 21 ions/m 2 . The structures of the implanted specimens were also observed by means of a JEM-200CX-TEM. Energy dispersive X-ray spectroscopy (EDS) was carried out using a HF-2000-TEM with field emission gun. Figure 1 shows the bright field image of the structural (Received on May 12, 2004 ; accepted in final form on July 9, 2004 ) The reduction process during hydrogen ion implantation into FeO (wustite) has been investigated by using a dual ion beam accelerator interfaced with a high voltage electron microscope (HVEM). Radiation damage and precipitates, which were generated during the hydrogen ion implantation were observed. The precipitates were generated by the reduction of wustite. The small precipitates had an orientation relationship with the wustite matrix while large precipitates became free from restrictions of the matrix.
Experimental Results
KEY WORDS: wustite; hydrogen ion implantation; reduction; precipitates; dark field image; orientation relationship; EDS. cited by the spot pointed in Fig. 3(c) . This spot has no special relationship with the matrix.
EDS was carried out on some large precipitates. Figure  5 shows the L-peak of iron and Ka-peak of oxygen. The diameter of the electron beam was approximately 10 nm. The solid line is the signal taken from a precipitate and the doted line is the signal taken from the matrix near the precipitate. This figure indicates that the peak of iron in the precipitate is higher than that of matrix and the peak of oxygen in the precipitate is lower than that of matrix.
Discussion
Small Precipitates
The question is whether the small precipitates are iron or not. The precipitates grew during the hydrogen ion implantation, indicating the possibility of iron particles. Figure 3 indicates that many of the precipitates were excited by the same diffraction spot, indicating that they have same orientation. Higher index of spots such as (044) shows that they were divided into two classes. One of two spots is maybe reflection of the precipitates. The spacing of the wustite {220} is nearly 0.152 nm and that of iron {200} is 0.143 nm. In contrast, in Fig. 4 , one precipitate was excited by the spot indicated by an arrow in (c), which has no orientation relationship with matrix. Many large precipitates had free orientation like Fig. 4 . This results suggested that during growing, precipitates became free from the restriction of the matrix. EDS spectrum indicates that the concentration of iron in precipitates is higher than that of matrix. Although the difference of X-ray peak of iron and oxygen between precipitates and matrix are small as shown in Fig.   5 , the concentration of iron in precipitates is considered to be much higher than that in matrix. The spectrum from the precipitates includes signal of the matrix. These results suggest the reduction of wustite induced by hydrogen ion implantation.
Damage Structure
Two types of damage contrast appeared after hydrogen ion implantation. Both defects showed no extra diffraction spots. There was no extra relationship with the precipitates and either defect. But the distribution of the defects and precipitates were almost overlapped. This result suggests that the precipitates were associated with damage in the wustite.
When wustite was reduced by hydrogen, water should be produced. Circular defects may be water, but their structure is not clear. Since no evidence of the precipitate of hydrogen or water, caused by the reduction of the wustite, was found, it may seem that their mobility is high in wustite.
Conclusion
(1) In-situ transmission electron microscopy of hydrogen ion implantation into wustite using ion-implantation/ HVEM system was carried out.
(2) Damage and precipitates were induced and grew during the implantation.
(3) The small precipitates had orientation relationship with wustite while large precipitates became free from the restriction of the matrix.
(4) The damage and precipitates free zone was observed in the very thin area of the specimen.
(5) The result of EDS showed that the precipitates were the reduced materials of the wustite induced by hydrogen ion implantation. . The solid line is the signal taken at inside a large precipitate and dotted line is the signal taken at matrix near the precipitate.
